As represented by the recent completion of human genome sequencing, the genome sequences of several species have been, or are about to be, revealed. Although all of their sequential information will eventually become available, it will provide little information related to the function of encoded proteins because we can not predict post-translational events merely from the sequence. The next challenge is therefore to elucidate the functions and physiological roles of every encoded protein that is functioning in living cells under various environmental conditions: so-called "proteomes".
1,2
Several methods to analyze proteins have been invented during the history of biotechnology; particularly, biochemical analysis is a very reliable method to determine protein functions. Biochemical assay necessarily imposes limitations in realizing highthroughput biochemical analysis in production of vastly numerous proteins because the current technology of protein production is based on in vivo methods that require time and labor because of their use of bacteria. As an alternative, cellfree protein synthesis is a useful and profitable technique to overcome problems associated with in vivo methods. By introducing cell-free formats, we can control many aspects of cellular functions, which simplifies protein production, especially those of cytotoxic, unstable, and insoluble proteins. [3] [4] [5] [6] Commercially available cell-free systems with embedded thermo-control units have been developed, e.g., the Rapid Translation System (Roche Molecular Biochemicals). However, this system is oriented to produce as much as possible efficiently; it is insufficiently optimized for high-throughput protein analysis, because it is impractical to conduct parallel operation with this system from the viewpoint of space efficiency, automatic operation, and reagent consumption in order to improve the throughput of protein production.
Because researches on micro total analysis system (μ-TAS) and lab-on-a-chip have advanced, several applications have emerged at the downstream for production of small amounts of proteins. For example, chip-based capillary electrophoresis in combination with micro injector for mass spectrometer [7] [8] [9] [10] [11] and enormous sample preparation devices for high-throughput mass spectrometry 12 have enabled researchers to perform protein analysis with much smaller amounts than those used in conventional methods.
Micro-crystallizer for X-ray crystallography and NMR analysis have also been developed for high-throughput crystallization from only small amounts of protein. 13, 14 For that reason, large amounts of protein are no longer required anymore for analysis; nevertheless, a persistent problem is how to prepare many kinds of proteins. Miniaturization of a cell-free protein synthesis system has great potential to provide useful platforms to produce many kinds of proteins. Physico-chemical phenomena in micro-sized channels and reaction chambers intrinsically involve a short diffusion length, which engenders rapid thermal conduction and mixing, so that reactions on a micro-scale will be faster and more uniform than those on a macro-scale. Another benefit of miniaturization arises from the possibility of integrating control devices and sensors into a single unit to realize a completely compact chemical processing system, which is essential not only for high-throughput analysis but also for on-site protein analyses such as medical and environmental services in the workplace.
As fundamental technologies for miniaturized cell-free protein synthesis, several microreactors based on silicon-made microdevices [15] [16] [17] and plastic microdevices 18 have been proposed. However, those microreactors have no embedded temperature control device; consequently, reactions must be performed with external temperature control devices such as an electrical oven or a water bath. We have recently developed a microreactor array chip with an embedded temperature control unit and have demonstrated its performance experimentally by synthesizing fluorescent proteins. 19 For the present study, we evaluated our microreactor array chip by expressing various types of proteins in comparison with a conventional commercially available reaction system to evaluate the feasibility of the microreactor array chip for future high-throughput protein research.
Experimental

Reagents and chemicals
A commercially available kit of a cell-free protein synthesis system (E. coli T7 S30 extract system for circular DNA; Promega Corp.), which contains all necessary components for in vitro transcription and translation, was used to perform cellfree protein synthesis. Several groups have reported that the problems of reproducibility in cell-free protein synthesis might have arisen from lysate batch variations or different preparations of template DNA. Consequently, we mixed and pooled several lysates into a single solution in advance. Then all experiments were carried out using the same lysate and the same template DNA.
Cell-free protein synthesis was performed according to the instruction manual included with the kit. Following those instructions, we prepared reaction mixtures for each reaction: 4 μl of DNA template, 5 μl of energy mixture, 20 μl of E. coli S30 reconstituted reaction mixture, 15 μl of E. coli lysate, with final volumeraised up to 50 μl using sterilized water.
Template DNAs of rat adipose-type fatty acid binding protein (A-FABP: 14.3 kDa), glyceraldehyde-3-phosphate dehydrogenase (G3PDH: 45 kDa) and cyclophilin (20 kDa) were prepared using RT-PCR. Briefly, the entire region of the open reading frame of the cDNA encoding rat G3PDH was amplified using primers of MB476 (5′-CTCATAGACCATATGGTGAAG) and MB477 (5′-TGGTCCAGGGATCCTTACTC). Similarly, the cDNA that encoding rat cyclophilin was amplified using MB472 (5′-TTGCTGCACATATGGTCAAC) and MB473 (5′-TGGGTA GGATCCCCGCAAGT); that encoding A-FABP was amplified using MB470 (5′-CATATGTGTGATGCCTTTGTGGGG) and MB471 (5′-GGATCCTTATGCTCTTTCATAAACTCTTG), respectively. 20 The obtained cDNA fragments were digested using a restriction enzyme of NdeI and BamHI; they were subsequently subcloned into pET-3a. An expression vector of luciferase (cloned from the Photinus pyralis) was purchased as a commercial product (Luciferase T7 control DNA, Promega Corp.).
Microreactor array chip
A typical design of a microreactor array chip for cell-free protein synthesis is depicted in Fig. 1 . Because the chip design detail and temperature control capability are described in a previous paper, 19 we only briefly explain the microreactor array chip. The microreactor array is a hybrid of two kinds of chips: one is a reaction chamber chip; the other is a temperature control chip as presented schematically in Fig. 1a . The reaction chamber chip was made by micromolding of polydimethylsiloxane (PDMS), which has an array of reaction chambers and flow channels. Each flow channel is connected to input and output reservoirs to inject the sample into the reaction chamber through the flow channel and to collect the products after reaction. The temperature control chip is fabricated with a glass substrate, on which an array of heater and resistive temperature sensor pairs are patterned with a transparent electrical conductive material of indium tin oxide (ITO). Because the temperature control chip can be used repeatedly by merely replacing the inexpensive and easily fabricated reaction chamber chip, this hybrid format might also be suitable for contamination-free disposable usage in medical and life 244 ANALYTICAL SCIENCES FEBRUARY 2008, VOL. 24 sciences. Multiple reactions allow for high-throughput batch processing by syntheses of many different proteins simultaneously. Furthermore, because all the materials used, i.e., PDMS, glass, and ITO, are optically transparent, ranging from near ultraviolet to infrared region, various optical detection schemes are applicable for observation and measurement of samples during and after protein synthesis. The overall photograph of the microreactor array chip is shown in Fig. 1b ; a magnified photograph around the reaction chamber is shown in Fig. 1c . The resistive temperature sensor is located sufficiently close to the heater on the same layer of the glass substrate to measure the average temperature around the central area of the reaction chamber. In this photo, both the depth and the width of the microchannel are 100 μm. The diameter and the depth of the reaction chamber are 5 mm and 100 μm, respectively, and the corresponding volume of the reaction chamber is about 1.96 μl. The total thickness of the reaction chamber chip is 1 mm. The zigzag-shaped heater covers a 5 × 5 mm 2 area; the widths of the ITO electrodes are 250 μm for the heaters and 150 μm for the temperature sensors respectively.
Experimental setup
The detection of reacted products by cell-free protein synthesis is presently based on luminescence detection by optical microscopy for luciferase and on conventional SDS-PAGE gel electrophoresis following Western blot detection for other proteins. The experimental setup for fluorescent detection is shown schematically in Fig. 2 . The microreactor array chip is mounted on an x-y translational stage equipped under an epifluorescent microscope (BX-FM-RFL; Olympus Optical Co. Ltd.). The liquid position in the flow channel and luminescence from the synthesized luciferase was observed using an ICCD camera (M4314; Hamamatsu Photonics KK) mounted on top of the microscope. The temperature in each reaction chamber is controlled by feedback from the temperature sensor to the heater (LabVIEW; National Instruments Corp.) system with a PID algorithm. The small thermal mass of the reaction chamber resulted in short closed-loop thermal time constants of about 200 ms for heating and 3 s for cooling with an accuracy of around ±0.4˚C. The reaction mixtures were delivered by capillary suction from the inlet reservoir to the outlet reservoir. A less than 3 μl drop of reaction mixture is sufficient to fill up the entire fluidic part. For that reason, this system requires only very small samples for synthesis.
Protein synthesis in the microreactor array
Reaction mixtures for each protein synthesis were prepared immediately before the reaction, then injected into the microreactor array chip following reaction at 37˚C for 2 h. All the input and output reservoirs were sealed with a 100-μm thick PDMS sheet after injecting reaction mixtures to avoid evaporation of the mixture during reactions. To evaluate the performance of protein synthesis in the microreactor array, we also carried out the reactions in test tubes using an appropriate device (Rapid Translation System 500, RTS 500, Roche Molecular Biochemicals, Mannheim).
Results and Discussion
Protein synthesis of A-FABP, cyclophilin, and G3PDH
The amounts of proteins synthesized in microreactor array chip were compared with that in a test tube with RTS 500 using SDS-PAGE electrophoresis following Western blotting as shown in Fig. 3 . An RTS 500 reaction was performed without template DNA to obtain E. coli lysate background (Lane 1). Three immunoreactive bands with respective molecular masses of 15, 17, and 38 kDa are observed at the same position using the RTS 500 (Lane 2) and using a microreactor array chip (Lane 3). Because the bands of 20 and 45 kDa are observed even in the absence of the expression DNA, as shown in Lane 1, those bands seem to represent the other p roteins contained in the E. coli lysate. In the A-FABP synthesis, the band of 20 kDa in Lane 3 is very weak compared to those of the other lanes. We surmised that such weakness is attributable to the chemophysical adsorption of the protein of 20 kDa onto the inner surfacess of flow channel and reaction chamber in the microreactor array chip, so that some protein has a large affinity against the PDMS material in our experiment. The band, which appeared at expected molecular mass of 15 kDa, shows that A-FABP was synthesized. Similarly, the band at 17 kDa corresponding to cyclophilin and the one at 38 kDa corresponding to G3PDH show that they were also synthesized. The amounts of cyclophilin and G3PDH synthesized using a microreactor array chip (Lane 3) were smaller than those by RTS 500 (Lane 2). This was probably caused by the adsorption of cyclophilin and G3PDH onto the PDMS wall, just as in the case of the band of 20 kDa in the A-FABP synthesis. The results raise the important issue of the anti-adsorption coating that prevents proteins from adsorbing onto the PDMS surface. The anti-adsorption coating must be enhanced in further development to obtain a better collection rate. For example, a phospholipid polymer of 2-methacryloyloxyethyl phosphorylcholine (MPC) copolymer reduces adsorption of protein 21 and a fluorocarbon coating with very low surface energy will be a 245 ANALYTICAL SCIENCES FEBRUARY 2008, VOL. 24 3 Western blot analysis of synthesized proteins. Lane 1 has no template DNA as a negative control. Lane 2 portrays results of cellfree protein synthesis using a commercially available RTS500 system. Lane 3 shows results using the microreactor array chip. possible candidate to solve or reduce the problem above.
The detectable amounts of proteins were produced by a microreactor array chip even when protein adsorption problems occurred. Therefore, we presume that the microreactor array chip can synthesize to examine many kinds of other proteins and that they can be incorporated into the present or some future assay methods.
Luciferase synthesis
Firefly luciferase (62 kDa) is a light-emitting protein that is available immediately upon synthesis because it requires no post-translational processing. Photon emission is achieved through oxidation of luciferin in a reaction, which requires ATP, Mg 2+ , and molecular oxygen as cosubstrates. Because optimum temperatures for luciferase activity are approximately 20 -25˚C, even though synthesis is optimized at 37˚C, and because the luminescence is normally a flash of light that decays rapidly after the reaction, it is difficult to quantify the amount of luciferase from real-time measurements of luminescence during synthesis. Therefore, the synthesized luciferase was once collected at the outlet reservoir to cool down to 20˚C for 30 min and then dropped and mixed with the luciferase assay reagent (Steady-Glo, Promega Corp.) containing all cosubstrates to measure the amount of luciferase. Luminometric measurement was carried out under a microscope with the ICCD camera mounted on top, as described above. Luminescence data were obtained from eight independent syntheses for every 20 min, which corresponds to the start time (0 min) + 20 min × 7 reactions equal to 140 min of observations in all.
The intensity of luminescence versus the synthesis time is shown in Fig. 4 . It shows clearly that luciferase was synthesized in proportion to the reaction time. The intensity of luminescence starts saturating around 100 min after synthesis, which probably indicates that the reaction was finishing by exhausting some molecular species required for the reaction.
Conclusions
We have demonstrated cell-free protein synthesis in the PDMSglass hybrid microreactor array chip as a potential tool for future protein research. Performance of the microreactor array chip was evaluated by expression of A-FABS, G3PDH, cyclophilin, and firefly luciferase using an E. coli T7 S30 Extract System (Promega Corp.).
Because of the chemical stability and optical transparency of ITO, glass, and PDMS materials, the microreactor array chip can be used not only for protein synthesis, but also in many other applications in the life science and medical fields. We expect further improvements in the fully automatic system through implementation of a pumping system for liquid handling, detectors for synthesized species, a temperature control system, and surface coating to improve yield of synthesis by suppressing proteins adsorption, on a single chip. Such a well-established microreactor array chip will reduce the costs for materials, labor, and time necessary to analyze proteins and to develop new drugs and diagnostic systems. The integration of all sequential processes for protein analysis realized in a single chip, starting from cell extraction, DNA purification, PCR or RT-PCR, protein synthesis, and finally protein analysis, will be invaluable for protein research in the next generation.
The cell-free protein synthesis in the microreactor array chip described in this paper is an important step toward such a complete system of the future.
